ABSTRACT
Introduction
Fermentative biohydrogen production is attracting increasing global attention owing to its non-polluting feature, low-cost and renewable source. Biohydrogen is a promising fuel for the future with many social, economic and environmental benefits to its advantage. It has a long-term potential to reduce the dependence on foreign oil and lower the carbon emissions from the transportation and the industrial sectors (45) . it has a high energy yield of 122 kJ/g which is 2.75 times greater than its equivalent of hydrocarbon fuels (27) , and its reaction with oxygen does not produce greenhouse gases such as carbon dioxide (co 2 ). Biohydrogen production using dark fermentation is more feasible (65, 67, 77, 80, 82) because it generates very clean fuel hydrogen at an affordable cost. it has wide areas of application, e.g. as automobile fuel, as a source of distributed or central electricity, and for generation of thermal energy.
the achievement of higher yields is a critical research objective for the sustenance of biohydrogen as the fuel for the future. Biohydrogen productivities of 605 mg·h -1 ·l -1 by an undefined consortium is the highest productivity that has been reported so far (12) . But this process is still not commercially viable (83) . the maximum biohydrogen molar yield on glucose reported is 2.91 mol h 2 /mol hexose (43) . Besides, the production of hydrogen from glucose is too expensive to support economic h 2 production.
Research towards biohydrogen scale-up requires accurate and high-throughput optimization data on key process parameters, generated from multifactorial experimentation using state-of-the-art miniaturized and paralleled bioreactors. this paper reviews the current state of fermentative biohydrogen optimization research on agricultural wastes, using miniaturized parallel bioreactors (MPBs). the monitoring and control of physicochemical parameters on these bioreactors is discussed and the prospect of enhancing biohydrogen process development with a novel featured parallel miniaturized bioreactor is presented.
Biohydrogen production from agricultural wastes
Biohydrogen is produced from a wide variety of biomass substrates, including agricultural and forestry wastes, municipal solid wastes and animal wastes and residues (50, 70) . Many agricultural and food industry wastes contain starch and/or cellulose which are rich in carbohydrates. the complex nature of these wastes may adversely affect their biodegradability. Starch-containing solid wastes are easier to process for carbohydrate and hydrogen gas formation (27) . there are three obstacles to the economical production of glucose from cellulose-rich biomass: (i) most biomass is quite dispersed, making its collection costly, even though its intrinsic raw material price is low; (ii) the structure of cellulosic materials, with cellulose fibrils surrounded by hemicelluloses and then lignin, is difficult to penetrate; and (iii) the cellulose chain is difficult to break down to glucose and other sugars either chemically or enzymatically. the production of biohydrogen from crop waste biomass is limited by the hydrolytic activity of the microorganisms involved in the biological attack of the heterogeneous and microcrystalline structure of lignocellulosic component, and in the decomposition of cellulose-like compounds to soluble sugars.
Zhang et al. (85) reported a yield of biohydrogen of 57 ml·g -1 when cornstalk was treated with sodium hydroxide (0.5 % naoh); this value was 19-fold higher than the yield obtained from untreated materials (3 ml·g -1 ). Furthermore, the authors investigated the production of biohydrogen from cornstalk waste with mixed pretreatments of acid (0.2 % hcl) and heat, with a maximum yield of 150 ml·g -1 , or a 50 times increase as compared to the initial value, thus proving the efficiency of both acid and base pretreatment methods.
Wang and Jin (78) optimized fermentative biohydrogen production, using sugarcane molasses. the maximum biohydrogen yield obtained was 1.85 mol h 2 /mol hexose; corresponding to a biohydrogen rate of 17.38 mmol·h -1 ·l -1 . it was observed from these results that organic substrates rich in carbohydrate and protein content are suitable for maximum biohydrogen production. Kongjan et al. (30) investigated the optimization of biohydrogen production from wheat straw hydrolysate, using dark fermentation in both batch and continuously stirred tank reactors. the maximum hydrogen yield was 318.4 ml·g -1 at a hydrolysate concentration of 5 % (v/v) in a batch reactor. in the continuously stirred tank reactor, the hydrogen yield and production rate were 178.0 ml·g -1 and 184.0 ml·(day·l reactor ) -1 (operating for 3-day hRt) respectively, corresponding to 12 % of the chemical oxygen demand (coD) from sugars. in another study, chen et al. (10) enhanced biohydrogen production from untreated rice straw, using mixed cultures. the maximum cumulative hydrogen production, hydrogen production rate and hydrogen lag phase were 733 ml, 18 ml·h -1 and 45 h, respectively.
Appropriate pretreatment steps for the raw material are often required to enhance hydrolysis. the main pretreatments are based on mechanical, physical, chemical and biological techniques (48) . A mechanical shredding step is essential to reduce particle size and increase the surface area of the organic waste prior to fermentation. As a consequence, solubility and fermentation efficiency are both favoured in the acidogenic fermentation process. chemical pretreatment methods using oxidizing agents, alkali, acids and salts are most frequently reported because they require no direct energy input (48) .
Strategies for improved biohydrogen production
Strategies for improving the biohydrogen production rate and yields have been based on genetic improvement of the microbial strains, or at the fermentative level, on the modelling and optimization of key process parameters, using response surface methodology or artificial intelligence techniques, or on inoculum and substrate pretreatment techniques.
Genetic manipulation of the production strains
Metabolic engineering involves the genetic modification of microorganisms to target and manipulate enzymatic, regulatory, or transport pathways that affect a particular microbial process (12) . Recent success in genome sequencing and gene expression analysis has enhanced the ability to engineer microorganisms for specific metabolic tasks. Several studies show that h 2 production can be increased by directing the carbon flow toward synthesis of formate. Yoshida et al. (83) have experimentally proved that faster induction of the enzyme formate h 2 lyase (Fhl) is possible by elimination of lactate and succinate formation. increased yields from 1.08 mol/mol glucose to 1.82 mol/mol glucose in the Escherichia coli SR15 strain lacking lactate and succinate production have been achieved (83) . thus, by understanding which metabolic pathways contribute to and regulate the h 2 production, elimination of hydrogen-consuming reactions may be targeted to sustain and regulate the h 2 production rates. Detailed studies can be conducted to use genetic tools to overcome the metabolic barrier by manipulating the electron flux in H 2 -producing organisms. the development of microbes that ferment multiple sugars, or which can directly utilize the naturally abundant sugars cellulose/hemicellulose can be targeted (12) .
Applications of response surface methodology for determination of optimum process setpoints
Response surface methodology (RSM) has been widely used in various works to optimize the key parameters for enhanced biohydrogen production. Fermentation optimization based on a statistically planned experiment is a sequential process (7, 21) . First, a large number of continuous factors are screened and insignificant ones are eliminated. The remaining factors could be optimized by response surface modelling. Finally, after model building and optimization, the predicted optimum is verified (68, 69) . RSM designs are also useful for determining the interaction between the process variables important for the product yield. these include central composite design, mixture design, full factorial design and Box-Behnken design.
Ghosh et al. (16) used Box-Behnken design to optimize biohydrogen production, using substrate (glucose), fixed nitrogen, and light intensity during the single-stage photofermentation of glucose by the photosynthetic bacterium Rhodobacter capsulatus. they realized that the three independent variables, glucose, glutamate, and light intensity, had significant interactive effects on the biohydrogen yield and nitrogenase activity. The model has a coefficient of determination (R 2 ) of 0.99. the optimized biohydrogen yield shows an 85 % improvement (16).
Xing et al. (81) enhanced biohydrogen production from corn stalk by anaerobic fermentation, using central composite design. the optimum setpoints of the physicochemical process parameters were determined. A model with a coefficient of determination (R 2 ) of 0.96 was generated. Several studies on the optimization of fermentative biohydrogen production by the one-factor-at-a-time method have been reported. this strategy does not depict the interactive effect among the variables and does not guarantee the determination of optimal conditions (2, 53) . in another study conducted by liu et al. (38) , the optimum conditions for biohydrogen production were predicted using response surface methodology when compost leachate was used as a source of nutrient for fermentative biohydrogen production. the model showed that the maximum cumulative biohydrogen volume (469.74 ml) and molar biohydrogen yield (1.60 mol h 2 /mol glucose) could be achieved at 6174.93 mg/l glucose and 3383.20 mg coD/l leachate. A model with a coefficient of determination (R 2 ) of 0.8281 was generated. Lignocellulose substrate pretreatment strategies Biological production of hydrogen from glucose is too expensive, and is thus not an economically viable process. Biohydrogen production from renewable sources such as agricultural biomass is economically feasible (39) . cellulose is the major constitute of plant biomass and highly available in agricultural wastes and industrial effluents, such as those from the pulp/paper and food industry (39, 58) , and is significant for biohydrogen production. initial pretreatment procedures are required to enhance the release of soluble sugars. Mechanical, physical, chemical and biological procedures are often adopted. Mechanical methods involve the breakdown of biomass residues into fine particles, thus increasing the specific surface area for subsequent hydrolysis. Physical treatments such as heating are extensively reported and have been shown to be more effective for disruption of cellulose structure, thereby enhancing the porosity of biomass residues and their accessibility to microorganisms during fermentation. however, this type of pretreatment is energy-consuming and does not remove the lignin content which withstands the enzymatic degradation (14, 87) . Most of the chemical pretreatments that have been assessed to date (typically acid and alkali based methods) have the primary goal of enhancing the accessibility of biohydrogen-producing bacteria to cellulose by solubilizing the hemicellulose and lignin, and to a lesser degree decreasing the degree of polymerization and crystallinity of the cellulosic component and thus allowing biohydrogen-producing bacteria to have access to soluble sugars (42) . Amongst these pretreatment technologies, acid pretreatment is considered to be efficient and easy to perform on industrial scale (57) . Dilute-acid hydrolysis is widely reported as a method for pretreatment of lignocellulosic materials. Sulfuric acid and hydrogen chloride at concentrations below 4 wt % have been widely used, as they are inexpensive and effective. Dilute acid effectively removes and recovers most of the hemicellulose as dissolved sugars, and glucose yields from cellulose increase with hemicellulose removal to almost 100 % for complete hemicellulose hydrolysis (44) .
Inoculum pretreatment methods heat-shock pretreatment methods have been widely applied to enrich biohydrogen-producing bacteria (34, 75, 87) and eliminate the non-spore-forming methanogenic bacteria, since hydrogen-producing bacteria, like most Clostridium sp., can form protective spores under extreme conditions. heat-shock treatment of hydrogen-producing mixed inoculum within a temperature window of 80 °c to 121 °c, and exposure time between 15 min and 120 min are commonly reported. Repeated heat-shock pretreatments and two-stage cultivation heat-shock pretreatment (87) have been reported in sucrose medium. Biohydrogen-producing seed has been obtained by treating the sludge by acid at a ph value of 2-4 (10, 64). Zhang et al. (86) applied the method of combined heat-shock and acidshock on sludge for biohydrogen inoculum pretreatment. cai et al. (8) has performed an extensive study on the pretreatment of sewage sludge by alkaline pretreatments and found that maximum biohydrogen occurred at initial ph of 11.
Miniaturized parallel bioreactors in bioprocess development

Miniaturized bioreactors
Bioprocess development for microbial cultivation and optimization are typically performed in expensive, mechanically complex and labour intensive, stirred-tank bioreactors (86) . therefore, microbioreactor technology has been used to address these challenges in order to reduce experimentation costs and speed up the research output. Industries have often employed simplified systems such as microtiter plates, shake flasks, test-tubes and spinner flasks for multi-factorial experimentation which offer ideal strategy to investigate the complex relationships between culture conditions and process outcomes (5, 36) . Several authors have highlighted the need for miniaturized parallel bioreactors that monitors and controls the physicochemical parameters for high throughput experimentation (6, 7, 22, 24, 42, 59, 61) . this is particularly important for multivariate experimentation. A microbioreactor must possess similar characteristics to a bench-scale bioreactor in terms of fermentation conditions, feedback control loops (18, 23, 31, 46) , product quality and yield. Recently, some of these reactors have been enhanced with the capability to monitor and control parameters such as optical density (oD), ph, temperature and dissolved oxygen (Do) online and in real time and thereby avoid the need for sample removal (85) . the optical sensor technologies have been applied to these bioreactors for online monitoring. Kensy (28) reported an online monitoring technique in continuously shaken microtiter plates (MtPs) for detecting the most relevant fermentation parameters such as biomass, fluorescent protein concentrations, ph and dissolved oxygen tension (Dot) in microbial fermentations with Eschericha coli and Hansenula polymorpha as model organisms. earlier, Rivera (62) proposed a parallel microbioreactor with six wells, using optical sensors for monitoring and controlling cell culture conditions. A dissolved oxygen sensor based on the fluorescence quenching of ruthenium diphenylphenanthroline dichloride and an optical sensor based on light transmittance were used in the six-well microbioreactor. these optical sensors were relatively inexpensive to fabricate and well suited for miniaturization and multiplexity. Maharbiz et al. (40) integrated microtiter plate wells with silicon-monitoring technology in a 250 ml microbioreactor arrays with ion-selective field effect transistor (ISFET) sensors on a commercial printed circuit board. For aeration, oxygen was generated in the bioreactor by hydrolysis of water. the microbioreactor reported by lamping et al. (32) was a scaled-down version of conventional stirred-tank bioreactors machined in Plexiglas and outfitted with air spargers and a stirring baffle.
Shake flasks are the most common miniature bioreactors and have been estimated to be used in over 90 % of all culture experiments across industry and academia for growing a wide range of microorganisms, e.g. bacteria (47) , fungi (71) , and yeasts (1) as well as mammalian cells (17) . they are an inexpensive and effective way of reproducibly performing many types of industrially-relevant cell cultivations for process development (6) . Shake flask bioreactors have various sizes ranging from milliliters to several litres. these vessels are made of glass or plastic materials, and are operated in a batch or fed-batch mode. the temperature is controlled using incubator or water bath, while the mixing is achieved through linear or orbital shaking. Non-baffled shake flasks can be operated such that bubbles are not formed which provides well defined gas-liquid mass transfer conditions (89) . Generally, the ph is buffered or not, and poorly controlled.
Parallel bioreactors in bioprocess development
Automated parallel bioreactor systems performing several fermentation processes concomitantly can significantly speed up the development of biohydrogen production processes as well as other bioprocesses (4, 63) . the high throughput of these systems leads to reduction in time, labour intensity, media cost, and space requirements, as compared to conventional bioreactors (4, 6) . Different strategies have been proposed for parallel bioprocess development and optimization. Jo et al. (25) described the use of up to 48 stirred-tank parallel bioreactors for biohydrogen production. this approach involved gasinducing stirrers for stirred-tank bioreactors on a 10 ml scale. to ensure an easy parallelization, a magnetic inductive drive was developed which allowed for the parallel operation of the 48 stirred-tank bioreactor in a bioreaction block. in this type of bioreactor, parameters such as ph, temperature and dissolved (55) oxygen were monitored and controlled online. the Sixfors benchtop device (infors AG, Bottmingen, Switzerland) has six fermenters operating in parallel (6) and the cellstation bioreactors (Fluorometrix corporation, Stow, MA) allow 12 miniature stirred-tank bioreactors to be operated in parallel. Parameters such as ph and temperature are controlled online in these bioreactor systems, whereas agitation is achieved through baffles and impellers (85) . The miniaturization and parallelization of bioreactors for biohydrogen is an attractive approach for development of this process.
Application of miniaturized parallel bioreactors in biohydrogen research
Multivariate fermentative biohydrogen research has been carried out in miniaturized parallel bioreactors. A working volume of 5 ml to 500 ml and bioreactor parallelization ranges from 3 to 50 have been used ( Table 1) . Various substrate types such as food, dairy, and agricultural wastes are used. A parallelization up to 50 bioreactors has been used with cellulose as a substrate and up to 32 bioreactors on food wastes. Although the parallelization level is correlated to the number of parameters under investigation rather than the nature of the substrate, the miniaturization scale is limited with the complexity of the medium, and glucose substrate for biohydrogen research has been used in a miniaturized bioreactor of a 5 ml working volume. the monitoring and control strategies for the physicochemical parameters in these bioreactors for biohydrogen research are presented in Table 2 . the ph value is either monitored with miniaturized ph probes and controlled by addition of acid or base, or not controlled and the initial ph value of the culture is adjusted at a desired setpoint, despite the fast drift in ph setpoints during the fermentation process as result of substrate types or metabolic activities. temperature is regulated by water baths, incubators or shakers whereas agitation is achieved by magnetic stirrers or shaking water baths. in some cases, mixing is done manually at regular time intervals, however this method lacks consistency, reproducibility, efficiency and reliability.
in these reactors, the hydrogen fraction of the generated biogas is measured using real-time hydrogen sensors or gas chromatography which has the ability to measure other compounds produced during the fermentation process, but it has the traditional drawbacks of the class of problems associated with offline samplings. The cumulative hydrogen gas volume determined by gas chromatography is calculated according to equation 1.
V H,i and V H,i-1 are the cumulative hydrogen gas volume at the current (i) and the previous (i-1) time intervals, V G,i and V G,i-1 are the total biogas volumes in the current and previous time intervals, C H,i and C H,i-1 are the fractions of hydrogen gas in the headspace of the bottle measured using gas chromatography in the current and previous intervals, and V H is the total volume of headspace in the bottle (11) .
Proposed features for novel miniaturized parallel biohydrogen bioreactors
Biohydrogen process development will inherently gain from bioreactor miniaturization and parallelization at least to understand the synergistic or antagonistic effects of multiple parameters' interaction on hydrogen yield and production rate. these reactors will need additional considerations on (i) parallelization, (ii) maintenance of the ph control setpoint, and (iii) real-time measuring of hydrogen fraction.
Parallelization
Production of biohydrogen is more economically feasible on multiple-waste substrate streams, incorporating several interacting key elements which are furthermore influenced by process physicochemical parameters. Multifactorial experimentation is thus required for process model development on these inputs.
Maintenance of the pH control setpoint in most reported microbioreactors, the initial ph value of the culture is adjusted, with no further attempt to control. this variable does not remain constant, but drifts during the process, influencing metabolic fluxes, thus altering the yield and productivity data.
Real-time measuring of hydrogen fraction
To date, the offline gas chromatography analysis of the evolving fraction has been the prime procedure. its shortcoming is an overestimation of the cumulative volume of the hydrogen biogas fraction, as the sampling interval increases. in our laboratory, cumulative biohydrogen volume of 135.60 ml and 157.61 ml was found while comparing two sampling intervals of 1 min and 12 h, respectively, on the same process (to be published elsewhere).
Conclusions
A critical challenge for hydrogen fermentation is the low hydrogen conversion efficiency (12) . This may be overcome by using industrial, municipal or agricultural wastes which are abundant, costless and renewable. however, multivariate experimentations will be required to generate accurate fermentation information which is translatable into actionable intelligence for biohydrogen process scale-up. this requires novel bioreactor configurations with a high level of parallelization coupled with integration of on-line monitoring techniques for detecting the most relevant fermentation parameters in biohydrogen production. the development of micro-sensors is necessary in order to provide real-time and reliable bioprocess information and also to determine suitable parameter setpoints for maximum biohydrogen production.
